1. Introduction {#sec1}
===============

During pregnancy in different animal species, adaptive physiological processes occurs, so that another life can be generated. Because these adaptations, pregnant are more susceptible to infectious diseases due to suppression of immune system \[[@bib1],[@bib2]\]. Currently, the main infectious disease that affects pregnant is Coronavirus 2019 (COVID-19). The etiologic agent of disease is severe acute respiratory distress syndrome-associated coronavirus-2 (SARS-CoV-2) \[[@bib3]\]. Some studies have already shown evidence of COVID-19-intrauterine transmission \[[@bib4],[@bib5]\]. Still, Mulvey et al. \[[@bib6]\], demonstrated that the placenta of patients infected with COVID-19 presented thrombotic events. Also, in study of Dashraath et al. \[[@bib7]\], they showed that mortality during pregnancy is related to predisposition of superimposed bacterial infections, suppression of immune response and alteration of respiratory microbiome after pneumonia COVID-19-caused.

For the fetus, the most common complications are miscarriage, changes in intrauterine growth and preterm birth \[[@bib3],[@bib7]\]. Due to these complications, the large number of cesarean sections performed on pregnant infected by COVID-19 is justified \[[@bib8]\]. In view of above, an effective and safe pharmacological therapy for pregnant and fetus must develop with emergency. Preferably, with the ability to carry the drug to target/organ tissue, avoiding side effects. In this context, nanotechnology appears as a pioneering alternative to solve the aforementioned problem.

Nanotechnological innovations have helped to overcome several problems in the biomedical and pharmaceutical area. Among the advances in nanotechnology, highlighted the synthesis of nanoparticles (NP) and their biomedical application. Different NP have been documented with a wide range of applications, including cancer therapy, drug administration, tissue engineering, regenerative medicine, biomolecule detection and as antimicrobial agents \[[@bib9]\]. Despite the use of NP for treatment of different pathologies and some metabolic disorders, studies with NP in pregnancy and impact on the fetus are still scarce. Therefore, nanoparticles can be exploited to precisely control the administration of drug during pregnancy, providing minimal risk of side effects on the fetus and mother, giving a new approach to treat pathological implications in pregnancy \[[@bib10]\].

Given the above, the present review examines questions related to the use and impact of inorganic and organic NP during pregnancy, focusing on technological aspects associated to NP and their biological implications.

2. Pregnancy: A recurring challenge for pharmacological therapy {#sec2}
===============================================================

Medication exposure during pregnancy can affect both mother and fetus. In fact, in clinical routine, treatment of pregnant is a recurring challenge. The opacity of studies, lack of reliable sources of information and the insecurity of pregnant towards systemic drug treatment leads to difficult clinical decision making. A careful evaluation of potential benefits and risks of a therapy and adequate control of clinical symptoms are crucial for a safe pregnancy \[[@bib11]\]. The potential effects of drugs on fetal development depend on several factors, including gestational age, dose, dosage, route of administration and clearance of drug \[[@bib12],[@bib13]\]. According to the Center for Disease Control and Prevention (CDC) \[[@bib14]\] 9 out of 10 women take at least one medication during pregnancy and 70% of pregnant take at least one prescription medication. Over the past 30 years, the use of prescription drugs during the first quarter has increased by more than 60% \[[@bib15]\].

The pregnancy induces significant changes in some physiological parameters, as the decrease in plasma proteins which increase the unbound fractions of the drug \[[@bib16]\]. Besides that, the question of plasma proteins, pregnancy induces an increase of almost 50% in the circulating blood volume and cardiac output, leading to increased blood flow in organs. This leads to a smaller area under the curve and potential therapeutic failure, although it is compensated for to some extent by increased bioavailability during pregnancy due to prolonged intestinal transit time \[[@bib17]\]. Other changes include increased glomerular filtration rate (increased renal clearance) and altered activity of drug-metabolizing enzymes in liver (affecting hepatic clearance) \[[@bib18]\]. All these changes have an impact on the pharmacological results for this population.

Considering the various physiological alterations in metabolization of drugs described during pregnancy, it is clear that specific guidelines are needed for use of medications in pregnant. Despite the increase in use of medication by pregnant, previously mentioned, the amount of data available to guide decision-making is limited. The caution surrounding drug use in pregnancy became widespread after unexpected adverse events from thalidomide and diethylstilbestrol, which led to the exclusion of pregnant from clinical trials \[[@bib19],[@bib20]\]. Scaffidi et al. \[[@bib21]\] researched 16 clinical trial records comprising 301.538 trials and found that only 0.32% of all active trials were pregnancy drug trials. It is known that fetal drug toxicity can occur at any time during pregnancy, although the most vulnerable period for anomalies is the first trimester \[[@bib22]\].

The great challenge for development of safe medications for use in pregnancy is to reduce or eliminate the exposure of unwanted tissues (maternal or fetal) while still providing the necessary therapeutic effect \[[@bib13]\]. Placenta is the organ that represents the maternal-fetal interface, responsible for the transfer of oxygen, nutrients, waste and other molecules between the maternal and fetal bloodstream \[[@bib23]\]. In humans, the placenta is of the hemochorial type and its composition consists of a maternal portion, called deciduous and a fetal portion, the chorionic plate. Fibroblasts are the origin of deciduous cells, which differentiate and form the deciduous, while the chorionic plate presents a structure of villous trees that form the placental barrier \[[@bib24]\].

After implantation of the blastocyst, placental development begins. Initially, placental membrane is composed of four layers, the syncytiotrophoblast facing the mother, a layer of cytotrophoblastic cells, connective tissue of the villi called the stroma of the villi (containing vascular endothelium, fibroblasts and macrophages), the endothelium that lines the fetal capillaries, as well as the basement membranes of these cells \[[@bib24]\]. During implantation and the onset of placentation, trophoblastic cells undergo extensive proliferation and differentiation. The cytotrophoblast penetrates the syncytiotrophoblast layer around the initial concept to form columns of extravenous cytotrophoblast cells. As the walls of maternal endometrial vessels are corroded, maternal blood cells reach the gaps. Arterial entrances to the lacunar system and venous exits from the gaps are established, and the branching of trophoblastic cells in the lacunar spaces results in formation of villous trees \[[@bib23]\]. Lacunar spaces become the intervillous space where maternal blood flows between villous trees. Fetal capillaries and larger vessels carry oxygenated blood from the villi to the umbilical vein, and deoxygenated fetal blood is returned from the fetus to the placental villi via the umbilical arteries. Maternal blood in the intervillous space and fetal blood in villus capillaries are separated by a continuous layer of syncytiotrophoblast, a discontinuous layer of cytotrophoblastic cells, basal lamina, connective tissue and fetal endothelial cells \[[@bib12]\].

The transfer between maternal and fetal circulation occurs through the endothelial-syncytial membrane and depends on several factors, including membrane surface area and thickness, blood flow, hydrostatic pressure in the intervillous chamber and the difference in fetal and maternal osmotic pressure. Maternal blood, therefore, is in direct contact with the fetal chorionic tissue (trophoblast), which is the main barrier that separates the maternal circulation from fetal microvasculature. The fetus is also surrounded by a membranous sac, consisting of amnion, chorion and parietal decidua, which is quite impervious to most xenobiotics from the maternal bloodstream \[[@bib12],[@bib25],[@bib26]\].

The placenta plays a pivotal role in fetal and maternal health, placental pathology is implicated in all common obstetric complications such as preeclampsia and intrauterine growth restriction. As a capture and exchange organ, with access to substances that circulate in maternal bloodstream, the placenta is a potential channel for the administration of fetal drugs, as well, as offering an excellent therapeutic target. However, there are currently few placental-specific therapeutics \[[@bib27]\]. The consequences of fetal (and placental) drug exposure can be benign or involve structural or behavioral teratogenicity, or even termination of pregnancy, and are often unknown \[[@bib26]\].

3. Nanotherapy {#sec3}
==============

3.1. Nanoparticles: Characteristics, advantages and pharmaceutical considerations {#sec3.1}
---------------------------------------------------------------------------------

Conceptually, NP are nanometer-sized (1--1000 nm) particles formed by different nanomaterials of organic or inorganic origin. In general, NP are dispersed in a colloidal system, also known as nanoformulations \[[@bib28]\]. Among the particles of inorganic origin, metallic NP are the most used \[[@bib25]\]. Due to its ultra-small size, they interact with DNA and enzymes, altering the pathophysiology of some diseases \[[@bib29]\]. Still, among the particles of organic origin, the polymeric NP are highlighted, due to their biocompatibility, biodegradability and high applicability in biomedical area. Generally, polymeric NP are coated by a polymer of synthetic or natural origin which attributes different physicochemical characteristics to particle \[[@bib30]\]. Polymeric NP are excellent drug carriers, targeting the target tissue/organ \[[@bib31]\]. Depending on the polymeric coating used in NP, it may generate a greater interaction of drug with cell membrane or increase the time in blood circulation by reducing the recognition of phagocytic system \[[@bib32],[@bib33]\].

The physicochemical characteristics of NP determined the type of interaction with biological systems (*in vitro* and *in vivo*). The physicochemical characteristics most analyzed in NP are size, morphology, pH, morphology and zeta potential. One of those characteristics that is very important is zeta potential. Because it is known that the different charges (negative or positive) present in NP determined the type of interaction with biological system \[[@bib34]\]. Besides that, zeta potential is directly related to NP stability in the colloidal system \[[@bib35]\] ([Fig. 1](#fig1){ref-type="fig"} ).Fig. 1Overview of review. Interaction of organic and inorganic NP with biological system during pregnancy.Fig. 1

In view of these facts, the development of stable and effective NP requires a knowledge of nanomaterials physicochemical characteristics used and intended applications. In addition, the development of new therapies based on NP in pregnancy requires a thorough understanding of the mechanisms of placental transfer, nanoparticulate systems and their dependence on distinct characteristics and functionality \[[@bib27]\]. According to the pharmaceutical purpose, NP can be made from a wide variety of materials and structures, with or without targeting binders and/or 'stealthy' portions. The main variables that affect NP biodistribution are chemical composition, size, shape, surface chemistry, porosity and elasticity, which can be adjusted for a specific clinical application \[[@bib19]\].

The biodistribution and clearance of NP in the bloodstream (pregnant or non-pregnant) is mainly dependent on the extent of renal elimination and ability to prevent sequestration by endothelial reticulum system (RES) \[[@bib19],[@bib36]\]. RES removes molecules and particles from the circulation via immune cell phagocytosis and/or liver and spleen sequestration/elimination. Surface opsonization (spontaneous coating by serum proteins) is a fundamental step to facilitate this process \[[@bib37]\]. The natural role of opsonins is to promote the approach of bacteria and viruses by phagocytic cells, both systems with the same negative charge that inhibits the interaction between bacteria/viruses and phagocytes due to charge repulsion. After the coating of bacteria and viruses, opsonins undergo conformational rearrangements that induce biorecognition by phagocytes through specific membrane receptors. The opsonization of the xenoparticle by complement system proteins (more than 30 soluble and membrane-bound proteins) finally promotes the phagocyte removal process \[[@bib36]\].

Opsonins interact with NP by van der Waals, electrostatic, ionic and hydrophobic/hydrophilic forces. Therefore, the surface characteristics of nanocarriers play a central role in this process. Hydrophobic and charged particles undergo higher opsonization when compared to hydrophilic and uncharged particles. In this way, "stealth" strategies can be employed to reduce opsonization, prevent phagocytic activation and increase tissue uptake \[[@bib19],[@bib36]\]. It is known that, long circulation nanocarriers can be obtained by coating the surface with hydrophilic polymers that prevent the opsonization process. The consequence of avoiding opsonization is the prolongation of NP permanence in the bloodstream and, with that, tissue uptake \[[@bib37]\].

The role of surface loading in the transport of NP for placental barrier has been assessed in a limited number of studies with conflicting results. For example, Aengenheister et al. \[[@bib38]\], tested titanium dioxide NP (TiO~2~ NP) with different surface charges (positive and negative) in BeWo cell cultures (HPEC-A2), and there was no significant transplacetary transfer, but a considerable accumulation of TiO2 NP in placental tissue (showed studies of transplacental passage in [Table 1](#tbl1){ref-type="table"} ).Table 1*In vitro/ex vivo* studies showing different results regarding transplacental passage.Table 1ReferenceOrigin/Type of NPModelResults\[[@bib42]\]**Inorganic**BeWo cellAbility to cross the placental barrier and low toxicity to fetal developmentAgb30 and embryonic stem cells\[[@bib54]\]**Organic***Ex vivo* imagesNP did not cause toxicity to fetusPEG-PLA\[[@bib62]\]**Organic**BeWo cellEvidence that NP are transcellularly transportedFluoresbrite\[[@bib63]\]**Organic**BeWo cellThere was no toxicity for cell culture and NP transport was observed by endocytosis and pinocytosisPullulan acetate\[[@bib64]\]**Organic**BeWo cellNanoencapsulation improved the maternal-fetal transplacental permeation of dexamethasonePoly (lactic-co-glycolic acid) loaded with dexamethasone\[[@bib65]\]**Organic**BeWo cellThe permeability of the NP was dependent on charge, the negatively charged NP were not detected in basolateral compartment.Polystyrene (cationic and anionic)\[[@bib66]\]**Inorganic**Placental perfusionThere was no significant decrease in blood flow from the maternal to fetal arteryAu\[[@bib67]\]**Organic***Ex vivo* human placenta perfusion and BeWo cellNP was translocated through the placental barrier without causing toxicity to same.Poly-(HPMA)~115~-b-poly (DMAEMA)~115~[^1]

3.2. Drug targeting in pregnancy {#sec3.2}
--------------------------------

Drug targeting aims to modulate and fully direct the distribution of a substance to biophase, associating appropriate system (nanocarrier). In the scientific literature, studies on the uptake or placental transfer of NP acting in drug targeting are scarce. It is known that the use of NP in pregnancy can have three different approaches: maternal, placental or fetal treatment \[[@bib27]\]. In this context, nanotechnology can benefit the mother, thus being a useful tool for the treatment of gestational diabetes \[[@bib39]\]. For example, in the treatment of preeclampsia, NP are able to release drugs directed to specific tissues without influencing uterine blood flow and fetal safety \[[@bib24],[@bib40]\]. In postpartum depression and chronic diseases that affect the central nervous system \[[@bib41]\].

However, pregnancy represents a major challenge for drug targeting. NP are an alternative to overcome the problem previously exposed. Because that the NP can easily reach the placental barrier. Moreover, depending on the size, NP can cross the placental barrier. Considering that the pores of the placental barrier vary between 15 and 25 nm, a NP of up to 25 nm is able to cross the barrier via passive transport (simple diffusion) \[[@bib10]\]. Abdelkhaliq et al. \[[@bib42]\], developed silver-NP (Ag NP), with the ability to cross placental barrier (BeWo cell culture model) and presented a low toxicity index in fetal development. Still, the transport was described as dependent on particle size, where NP greater than 50 nm did not cross the placental barrier. In another study (*in vivo*), Teng et al. \[[@bib43]\], proved that ZnO NP with 13 nm of size crossed for placental barrier while ZnO NP with 57 nm did not have this capacity. Thus, the size of NP is directly related to your ability a drug targeting.

It is known that exposure of fetus to NP occurs mainly through the mother circulation to the fetal circulation, but this exposure may also occur through amniotic fluid \[[@bib24],[@bib44]\]. In view of above, myometrial and placental targeting allows to increase the protection to fetus with regard to the treatment of obstetric diseases \[[@bib45], [@bib46], [@bib47]\]. For example, in the treatment of malaria, it is necessary to obtain a limited transplacental passage, as the purpose in this case is to prevent *Plasmodium* from infecting erythrocytes in placental tissue \[[@bib48]\]. The use of a nanocarrier aimed at placenta will certainly strengthen the safety and efficiency of therapy \[[@bib49]\]. NP are also able to cross the placenta and treat the fetus, as in hypoxia situations \[[@bib50]\], and through the transport of macromolecules such as immunoglobulin G to fetal circulation \[[@bib51]\]. In the studies (*in vitro*) of Hua and Vaughan \[[@bib52]\] and Hua \[[@bib53]\] was demonstrated the potential of NP (liposomes) for drug targeting to myometrial tissue. Moreover, Li et al. \[[@bib54]\] (*ex vivo*), tested NP by targeting of placental tissue for preeclampsia-treatment. Still, Elsharawy et al. \[[@bib55]\] (*in vivo*), analyzed the impact of a biosynthesized NP with a polymeric coating on possible targeting to placenta. But aforementioned studies have stopped on the nanotoxicity question, due to the majority using inorganics NP. Thus, liposomal NP seem to be safer for drug targeting.

In view of above, the use of NP during pregnancy has proved to be an area of recent knowledge, with much to be understood. As mentioned in previous section, zeta potential is directly related to the interaction of NP with the placental barrier or other tissue during pregnancy \[[@bib35]\]. When the objective is to drug targeting during pregnancy, this physicochemical characteristic of NP is very important to direct the NP (loaded with drug or not) to target tissue. It is also reiterated that depending on whether the NP is of organic or inorganic origin, they will have a different targeting due to their different physicochemical characteristics. Thus, in current review, we seek to select studies that can exemplify the effects of exposure to NP during pregnancy. Through *in vivo* studies (showed in [Table 2](#tbl2){ref-type="table"} ) using NP, it was possible to evaluate the impact of organic and inorganic NP on placental tissue, mother and fetus as well as the advantages related to the three (targeting).Table 2*In vivo* studies and the results obtained from use of NP during pregnancy.Table 2ReferenceOrigin/Type of NPAnimal SpecieRoute of administrationResults\[[@bib39]\]**Inorganic**MiceOralNP abrogated the diabetes-induced embryopathy through your antioxidant effects.**Mettalic**Cerium\[[@bib43]\]**Inorganic**MiceOralNP caused toxicity to fetus.**Mettalic**ZnO\[[@bib45]\]**Organic**RatssIntravenousNP prevented oxidative stress in placenta, but not in the fetus.**Polymeric**Poly (γ-glutamic acid) and [l]{.smallcaps}-phenylalanine ethylester\[[@bib46]\]**Organic**RatsIntravenousNP caused beneficial effects dependent on sex and age on the cardiovascular function of adult offspring.**Polymeric**Poly (γ-glutamic acid) and [l]{.smallcaps}-phenylalanine ethylester\[[@bib48]\]**Inorganic**MiceOralNP caused a decrease in angiogenesis and activation of apoptotic pathways through caspase-3 in placental tissue.**Mettalic**TiO~2~\[[@bib50]\]**Organic**MiceOralNP improved the delivery of compound to the maternal and fetal brains and also reduced the accumulation of fatty acids in fetal liver.**Protein**Zein\[[@bib55]\]**Inorganic**RatsIntraperitonealNP had a toxic effect on maternal, placenta and fetus tissues.**Mettalic**Ag coated with chitosan\[[@bib57]\]**Inorganic**RatsInhalationNP caused severe impacts causing fetal resorption, decreased estrogen and increased proinflammatory cytokines levels.**Mettalic**Ag\[[@bib59]\]**Organic**RatsIntravenousThere was a tissue distribution depending on the particle charge.**Polymeric**Poly (glycidyl methacrylate)\[[@bib68]\]**Inorganic**\
**Mettalic**\
AuMiceIntravenousThere was a tissue distribution depending on the particle size.\[[@bib69]\]**Organic**MiceIntravenousNp with diameters up to 500 nm were absorbed by placenta and were able to cross the placental barrier.**Polymeric**Polystyrene\[[@bib70]\]**Inorganic**MiceIntravenousIn clinical and histopathological evaluation, there were no changes in placental and fetal development.**Mettalic**SiO~2~\[[@bib71]\]**Inorganic**MiceSubcutaneousMaternal exposure to NP influenced the offspring central dopaminergic system.**Mettalic**TiO~2~\[[@bib72]\]**Organic**MiceIntravenousPrevented fetal exposure and minimized placental exposure.**Liposome**Phosphatidylcholine + cholesterol\[[@bib73]\]**Inorganic**MiceIntravenousRemarkable accumulation of silver in maternal liver and spleen, may have affected embryonic growth.**Mettalic**Ag\[[@bib74]\]**Inorganic**RatsOralNP induced oxidative stress and apoptosis in the fetal liver.**Mettalic**Ag\[[@bib75]\]**Inorganic**ChickenOralNP caused abnormal expression of genes and proteins in offspring liver.**Mettalic**ZnO\[[@bib76]\]**Organic Polymeric** Poly(ϵ-caprolactone)RatsOralNP did not cause toxicological effects in pregnant rats and your fetuses.[^2]

3.3. Implications in use of NP during pregnancy {#sec3.3}
-----------------------------------------------

Currently, one of the biggest challenges for use of NP during pregnancy is the nanotoxicological question. Nanotoxicological studies have to assess the impact of NP-use on the mother, fetus and placenta. In view of this problem, NP targeting is fundamental for the advancement of these studies Thus, markers of oxidative stress, inflammatory status, DNA damage, epigenetic changes and fetal malformations must be mandatorily evaluated by nanotoxicological studies \[[@bib49]\].

Gestational age is an important factor to be taken into account when assessing the impact of NP-using. Fennell et al. \[[@bib56]\], evaluated the effect of using Ag NP (administered per oral and intravenously route) on gestational day 18 in female rats. In this study, was reported that Ag NP bioaccumulated in placenta after 48 h and still transfer and deposition of NP occurred from this tissue to fetuses. NP can have a direct impact on the fetus even at a more advanced gestational age. In another study, Campagnolo et al. \[[@bib57]\], demonstrated that inhalation of Ag NP during the first gestational day until the fifteenth gestational day in female rats has severe impacts causing fetal resorption, decreased estrogen and increased proinflammatory cytokines levels in mothers. In the studies aforementioned, three different routes of administration are used for Ag NP. Again, reiterating that use of inorganic NP during pregnancy requires several precautions, mainly the Ag NP.

In view of above, Zhang et al. \[[@bib48]\] evaluated the effect of maternal exposure (mice) to NP-TiO~2~ with an emphasis on placental analysis. The researchers found that exposure to TiO~2~ NP caused a decrease in angiogenesis and activation of apoptotic pathways through caspase-3 in placental tissue. Corroborating with the studies aforementioned. In opposite manner, Lee et al. \[[@bib58]\], found no changes in toxicity markers when they administered TiO~2~ NP to pregnant rats for 13 days during pregnancy, however, only clinical markers were used and no biochemical determinations. Thus, metallic NP despite the advantage of crossing the placental barrier due to their size, require attention in relation to toxicological effect.

On the other hand, Ho et al. \[[@bib59]\], evaluated the effect of polymeric (poly (glycidyl methacrylate)) NP (cationic and anionic, organic NP) during the 10th and 20th gestational day in rats, NP had a tendency to accumulate in placenta at two periods tested. Although poly (glycidyl methacrylate) is a synthetic polymer, this study may represent an advance on using NP vs nanotoxicological question during pregnancy, since different polymers have already been tested toxicologically and have had few or no toxicological effects \[[@bib60],[@bib61]\].

Thus, in our present review, analyzing the grouped studies ([Table 2](#tbl2){ref-type="table"}), we found that despite the nanotoxicological challenge, NP are promising for carrying drugs during pregnancy treating obstetric disorders related to the placental tissue, mother and fetus.

4. Conclusion {#sec4}
=============

In current review, we analyzed through the scientific literature, the impact of NP-use during pregnancy. Each different nanomaterial used to form the NP will endow it with different physicochemical characteristics that directly influence the targeting and toxicity, that is, NP ability to reach the target tissue. Moreover, the NP-size is directly related to the ability to cross placental barrier. Despite several promising studies, nanotoxicology is a factor that prevents the application and use of NP in clinical practice. We found that the use of inorganic NP despite the advantage of crossing placental barrier, has a tendency to have deleterious effects on the placental tissue, mother and fetus. On the other hand, studies that used polymeric organic NP, seem to represent an advance for use of NP during pregnancy, due to your effectiveness in targeting and low toxicity, but they are still scarce. It can be a therapeutic alternative for complications or diseases during pregnancy. Therefore, in the future, NP will be an effective and safe alternative for use in pregnancy.
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[^1]: Studies available in scientific literature from the year 2012--2020. Ag (silver NP). Au (gold NP).

[^2]: Studies available in scientific literature from the year 2010--2020. Ce (Cerium NP). ZnO (zinc oxide NP). TiO~2~ (titanium dioxide NP) Ag (silver NP). Au (gold NP). SiO2 (silicon dioxide NP).
